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We ])rcscnt  electrochemical studies on I.aNi j.xSnx with OSX<O. 5, We measured the effect

of the Sn substitucmt  on the kinetics of charge trfinsfer and diffusion during hydrogen

absorption and dcsorption, and the cyclic lifetimes of I.aNij.xSnx clcc(rodes  in 250 nlAh

Iabotatory  test cells. We report beneficial eflects of making small substitutions of Sn for

Ni in l.aNi~ on the performance of the MH alloy anode in terms of cycle life, capacity and

kinetics. We discuss optimizing the Sn concentl ation ].aNiS.xSnx alloys  for negative

electrodes in alkaline rechargeable sccondaIy  cells.

l{at~~akumar,  ct al. 1



.,.
. .

.
+.

IN’1’RODIJCJ’1ON

“J’hc usc of metal hydrides as negative clcc[rodes  in alkaline rechargeable cells is becoming

inc~ casingly  popular, owing  to advantages of the metal hyd]idcs  over conventional anode

maicrials (such as Zn, Cd) in specific cncr~y, cyclic lifetime and environmental

compatibility. The similarities in the cell voltage, pressure characteristics and chuge

ccx]trol methods of the Ni-M1 I cells to the commolily  used Ni-Cci cd suggest that Ni-

M} 1 CCIIS may take over a good fraction of the recha;geab]e  battery market for consumer

electronics in the next few years.

‘1’wo classes of metal hydrides alloys currcrltly bein:g developcxi  are those based on rare

earth metals (AB5)’>2 and on cady transition metals (AB2)3.  Although  AB2 alloys  are

reported to exhibit higher specific energy than the A115 alloys, state-of-the-art commercial

Ni-Ml 1 cells predominantly use AB5 alloys The AB5 alloys arc based on LaNi5 with

various substitucnts for I,a an(i Ni. The systematic effects of these alloy modifications,

and !hc reasons for these effects, are active topics of research. An important goal of an

alloy modification is to increase the lifetime of the h4H electrode under chargedischarge

cycling. It has been found that the cyclic lifetime is affected by the alloy modifications,

but it is not clear why. lmprovcd cyclic lifetimes with Co substitutions have been

attributed to a rcduccd volume change upon hydrogclj absorption and resorption.’ Sakai,
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et al.4 stuciicd  various ternary substitutions for Ni in LaNi5, and reported that the cyclic

lifetime improves with the ternary substitue!)ts  studied in the order Mn < Ni < Cu < Cr <

Al < Co. It has also been suggested that the substitution of the rare earth metal with Ti5,

Zr6 or other lanthanides  such as Ndl and Ce7 may pI emote the formation of a protective

surface film and enhance the cyclic lifetime This is auspicious for the use of relatively

inexpensive misch metal, Mm (a naturally occuming  mixture of rare earth metals La, Cc,

Pr and Nd) for La in alloy formulations such as (Mn~)(Ni-Co-Mn-Al) ~.8’9

‘1’he beneficial effect of the substituents  for either I a or Ni is often accompanied by an

undesirable decrease in the hydrogen absorption capacity, long activation and SIO w

kinetics of hydrogen absorption and resorption. ]rJ our recenl communications,’””’ we

described the advantages associated with using Sn as a ternary substituent.  The addition

of sma]] amounts (3.3 ate%) of Sn improves the cycle life and the kinetics of absorption

and resorption, with a marginal reduction in the specific capacity. The specific capacity

of 1.aNi4,8Sno,2  is about 300 n~Ah/g and is retained well dunn~  charg>-discharge  cycling.

The benefits of alloying with Sn have also been realized in multi-component alloys.’2 IJI

this paper, we present results from further studies on the Sri-modified LaNi5  alloys  of

differing Sn concentrations. ‘1’hese  studies were aimed at identifying i.he effect of the Sn

aclclitivc  on electrochemical characteristics of the metal hydride all oys, including the
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kinetics of charge transfer and diffusion during the hydriding  1)1 OCCSS, and cyclic lifetimes

in 250 nlAh laboratory test cells.

EX1’ERINllHW’AL

‘1’he 1.aNi5.XSnX  alloys were prepared by either arc-meltin$  or induction-melting. To

insure homogeneous distribution of Sn in the alloys, the ingots were subsequently

annealed in vacuum al 950°C for 72 hours. ‘1’he annealed ingots were then crushed to 10

mesh in an argon glove box, followed by several hydl ogen absorptionldesorpt ion cycles to

activate the alloys and to obtain alloy powders of optimized surface area. The chemical

composition and homogeneity of the alloys were characterized by X-ray diffractometry.

X-ray data were obtained with an INEL CPS- 120 ]Jowder diffractometer using Co Kct

1-adiation  (1 == 1.7902 ~).

Pressure-composition isotherms were obtained for I aNi5.XSnX  alloys by using a modified

gas-manifold system dcscribcd  previous] y.’s I’or tile electrochemical measurements, the

tine alloy powder (~ 75pm) was mixed with 19°A conducive dilucnt, i.e., INCO nickel

powder (Ipm), and 5’XO Teflon binder. The clcctrodcs for the cyclic lifetime studies (area:

2.54 x 2.54 cm) were fabricated by hot-pressing the mixture onto an expanded Ni screen.

The electrodes for the basic clcctrochcmical  studies were fabricated by filling 13AS (Bio-

Rfitnakumar, et al. 4
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Analytical Systems) disk electrodes with elcctrodc  powders of cclual  quantities to ensure

consistent values for the electrode area (0.09 cm2) at~d porosity. NiOOH electrodes from

an aerospace Ni-Cd cel 1, supplied by Eagl e-l)i  cher, f(mrned  the counter electrode. A three-

electrode flooded cell with a 1 mggin  capi IIary for the Hgll IgO reference electrode14  was

adopted for the basic electrochemical studies. For the cyclic lifetime studies, the same

components were assembled in a prismatic ~lass cell with nylon (Pellon 2516) separator.

Teflon shims were used to provide adequate compaction to the electrodes. The

electrolyte contained 31 W
O/O KOH solution prepared with twice-distilled conductivity

water. Electrochemical measurements (DC) were performed with an EG&G 273

Potentiostat/Galvanostat interfaced to an HIM-PC, using EG&G Corrosion Software 252.

AC impedance rneasurernents  were carried out with the EKHkG 273 Potentiostat and

Solm-tron  1255 l~requency Response Anal yz,er, using EG&Ci lmpcdance  software 388.

Cycling of the prismatic cells was carried out with an automatic battery cycler made by

Arbin Corp., College Station, ‘l’X, ‘1’he cycling conditions include a discharging at a

Constant current of 12.5 nlA/cn12 (02 rate) to -0.5 V vs. I I#Hg@. Charging at a constant

current of 5 nIA/Cn12 (C/5 rate) was perfomed  to a charge rctl]l  n of 11 5°/0 10 ensure

complete charsing of the metal hydride electlode.
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lUCSIJI.’1’S  AND 1) ISCIJSS1ON

X-ray di ffractometry was used to characterize the microstructure, measure the lattice

patamctcm,  and verify the phase composition of tile MI+ alloy. Figure 1 shows the

diffraction patterns of LaNi5.XSnx alloys with different Sn compositions, x. The X-ray

diffraction patterns confirmed that alloys with Sn compositions up to x “ 0.5 were

m~ti rely the CaCu~-type Ilaucke  phase. With increasing Sn concentration, the diffraction

peaks shift to smaller angles (as illustrated in the insert), implying an increase in the

lattice parameters. The enlargement of the unit cell upon Sn substitution is discussed

below,

~’o understand the hydrogen absorption and resorption characteristics of the alloys,

p[ css~]rc-corll]>ositiotl  isotherms were measured. Such isotherms were obtained both in

(hc gas phase and in the electrochemical environment ]n addition, independent

mcasurcmcnt  of the gas-phase isotherms for several of these same alloys were made by

1 NO and co-workers. ls’l(’ Goocl agreement in the isotherms was fo~lnd in all the cases.

Rtitnakumar,  et al. 6



I{lcctrochcmical (llC) isotherms were constructed! from the equilibrium electrode

potentials at different stages of hydrogen absorption or dcscmpti  OJI. These arc similar to

ccxdomctric  titrations carried out on the battc~ electrode materials.*7 The equilibrium

electrode potentials are related to the equilibrium hydrogen pressurc*8,  Pill, by the Nernst

equation:

IiO (VS. HgO/Hg)  = -0.9324-0.02.91 !Og(]’}lj) (1)

The EC isotherms differ slightly from the gas phase isotherms during absorption, i.e., the

inflection in the pressure at the end of absorption is absent, possibly because the cell

internal pressures arc limited in our cell design to about  1 atmosphere. The discharge

isotherms, on the other hand, bear a greater resemblance to the gas phase isotherms. The

plateau pressures calculated from EC isotherms during charge and discharge are general] y

comparable to those measured by gas phase isotherms. Figure 2 shows the EC isotherms

during  hydrogen absorption (charge) and dcsorption  (discharse) of I,aNi5.YSnX alloys with

0.1 <x< 0.3, along  with a representative gas-phase isotherm of I.tiNi 5. The changes in the

plateau pressures during absorption and resorption with a change in the Sn concentration

are shown in Fig. 3. It has been noted that increasing amounts of Sn induce a lattice

‘9’20 The loSarithn~ic dccrcasc in plateauexpansioi~  that is linear with Sn composition.

pressure with increasing unit cell volume seen here is consistent with the observations of

Gruen ct al .2’ The hysteresis between the absorption and dcsorption  isotherms of LaNis

is also reduced in the Sn- substituted alloys.

Ratnakumar, et al. 7
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1 I YDROGEN ABSORPTION CAPACXTY

‘1’lkc  hydrogen absorption capacities of the 1.aNi5.XS]lX alloys wmc measured both in the

gas phase and electrochemical environments, as summarized in Fig 4. LJpon Sn

substitution, the theoretical specific hydrogen absorption capacity of LaNiS.XSnXi-]G

decreases marginally owing to the mass of Sn atoms. The capacity measured in the gas

phase is fairly close to these theoretical values. To determine the discharge capacity, all

the electrodes were charged initially at 22 and 4.65 mA/cn? in the disc and prismatic

electrode respectively, tcj about 400 mAh/g. This overcharge of about 20-40°/0 was used

to ensure a complete hydriding  of the electrodes. ‘] ’here is no inflection in the charge

potentials at the end of charge owing to the hydrogen evolution reaction occurring at the

same potentials.

After charging the disc and prismatic electrodes were discharged at 44.4 and 12.5 mA/cm2,

respectively, to -0.5 V vs. HLg/HgO.  The discharge capacity improves significantly with

the initial increase in Sn composition (Fig. 4). The electrochemical capacity of the binary

alloy is particularly low. During its charging, significant hydrogen evolution is observed

to occur on its surface, which seems to be favored over hydrogen absorption. A similar

difficulty in the charging of the binary alloy has been recently reported by Wasz et al.,

and was overcome by operating their cel 1s at lower t empe.rat  ures.22 ‘1’hc maximum
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discharge capacity measured in prismatic cells was sllghtly  over 300 n~Ah/g  at a discharge

rate of C/2, which is an impressive value fo] an Al 15 alloy. l;or example, some of tile

state-of-the-art, misch metal based, AB5 Ml I alloys evaluated at .lI)L showed a rnaximurn

capacity of 250-275 nlAh/g. Apart from the ease in chargeability, the low plateau

pressures induced by the Sn-substitution result in Ni-MII CCIIS of low operating

pressures and low self discharge.

‘Me discharge potentials decrease with an increase in the Sn concentration. This is

expected from the reduced plateau pressure with incl easing Sn concentration in the alloy.

The charge voltages were lower than those calculated with Eq. 1. However, the decrease

in the electrochemical capacity of alloys with high Sn concentrations is significant

compared to the decrease in the theoretical capacity or the hydro~cn  absorption capacities

measured with gas-phase isotherms. Fron-l an examination of the observed mid-point

potentials and the correspon[iing  open circuit potentials obtained from the resorption

plateau pressures (Fig. 5), it is clear that the dischalge  overpotentials  tend to increase at

high Sn compositions, espcciall  y for x >0.3.  This behavior prompted us to carry out

measurements on the kinetics of electrochemical t]yd] i ding of LaNi5.XSnX alloys.
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l< INITJCS OF JIYDRIDING

1)(~ Polarization

The kinetics of hydrogen absorptionldesorption  are often slowed by the alloy

substitucnts.  For example, elements forming surface films may alter the kinetics of charge

t r ansfcr at, or transport of hydrogen through, the surface legions  To determine the

effects of the partial substitution of Ni with Sn on the charge and discharge kinetics, DC

polarization and AC impedance experiments were performed on the alloys.

Mi cropolarization and lafcl  measurements were performed on the alloys under

potentiodynamic conditions at scan rates of 0.02 mV/s and 0.5 n~V/s, respectively. The

scan rates were so chosen to provide near-steady state. conditions with minimal changes in

tllc state of charge of the electrode or its surface conditions.

l~igurc  6 shows the micropolarization curves of the 1,aNi5.XSnX  alloys. These curves are

fairly linear and spread out, owing to the difference in their equilibrium potentials. The

potential of the binary  alloy is less anodic (negative) than expected. l’his may be caused

by its lower state of charge in the unsealed cell configuration. I’he values of the exchange

cw rents estimated from the slopes of rnicropolariz,ation  curves of different MH alloys

show an interesting trend (Fig,, 7 and Table 1). The exchan~c  current increases initially

Ratnakumar,  et al. 10



upon M substitution from 0.77 nlA for the binary alloy to 1.35 mA for the alloy with x =

0.1. This improvement in the kinetics upon Sn addition may not be unexpected, since Sn

is known to have good electrocatalytic properties; for example, Pt-Sn alloys are used as

clectrocatal  ysts in the electrochemical oxidation of methanol .2J l:urther  addition of Sn

decreases the exchange current. Nevertheless, the kinetics of Sn substituted alloys are

superior than those of the binary alloy for Sn compositions of x ~ 0.3. With Sn

concentrations of x ~ 0.4, the kinetics of hydrogen absorption and resorption are slowed

considerably, and are even slower than in the binary alloy. The increases in the

polarization resistance at higher Sn concentrations may be caused by an incomplete

activation of the MH alloy.

To determine the kinetics of absorption and desorplion,  Tafel polarization measurements

were made on the LaNi5.xSnX  alloys. Figure 8 illustrates the Tafel behavior, corrected for

mass transfer, of various alloys during charge and discharge. The overpotentials at any

curj ent density can be seen to decrease upon the initia] substitution of Sn, but increase at

(he highest Sn concentration. The cathodic ‘J’afel ]Jlot of the binary alloy is complicated

by the hydrogen evolution reaction, which occurs at the same potentials as the hydriding

reaction, resulting in two distinct slopes. The simultanecms  occurrence of the hydrogen

cvo]ution  may result in fluctuations in the electrode potentials fl om the continual for-ming

and bursting of hydrogen gas bubbles on the electrode surface. Such problems are

Ratnakumar. ct a]. 11
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fortunately absent with Sri-substituted alloys, and the Taft] curves arc tnorc reproducible.

In any case, for the Tafel polarization experiments, the potential was scanned from

cx[rtxne atmdic (positive) values to the cathodic (negative) values, to avoid the

uncertainties arising from hydrogen bubbles adhering to the surface of the Mfl electrode.

The Tafel polarization curves indicate strong mass transfer effects at high currents. The

limiting currents may be related to the slow solid-state diffusion of hydrogen in the M H

electrode. The limiting currents measured in a separate pc)tentiodynamic  experiment at

higher positive potentials, i.e., 400 mV away from the reversible potential, are listed in

Table 1. The diffl]sion limiting current is highest for a Sn composition of 0.

the range of 500 n~A/g) and is reduced at high Sn compositions. Using

< x <0.2 (in

(he measured

limiting current, the ‘1’afcl plots can be corrected for the mass t[ ansfer effects by plotting

the logarithm of l/(l-I/llilll) against the elect] ode potential. The corrected Tafel plots are

]nole linear (Fig. 8). The exchange current clensity and transfer c,ocff]cients for hydrogen

absorJJt  i on and dcsorption were calculated from the intercept and inverse S1 ope of the

corl ected anodic  and cathodic Tafel plots, respectively. The absorption exchange current

increases L]pon Sn substitution and shows a maximum at a Sn composition of x == 0.2 @“ig.

7, l’able 1). ‘1’hc resorption exchange cl]rrent  in]proves  more sigl~ificantly  upon Sn

substitution, but has a maximum near x == 0,1. Ne\erthelcss,  the kinetics of dcsorption

continues to be better than the binaly  alloy for x < 0.4, The I’afr;l slopes  show an

]<atnakumar,  et al. 12



intercsti  ug trend: the slope for the absorption p] ocess  decre~ses  with increasing Sn

concentration, whereas the slope for the resorption process increases (Table 1). The

change in both the parameters is less marked for x >0.2,  It is interesting to note that the

equilibrium potentials (i.e., the logarithm of the plateau pressures) vary similarly. It is

known 2 that lower plateau pressures facilitate absorption, whereas higher plateau

pressures are desirable for resorption. The transfer c.oefllcients  calculated from the ‘1’afel

slopes increase during absorption, with increasing Sn composition from 0.24 for x = O to

0.25,0,32, 0.34,0.35 and 0.4 forx values of 0.1, 0.2, 0.3, 0.4 and 0.S, respectively. The

corresponding transfer coefficient during resorption, however, decrease with increasing Sn

composition, from 0.S5 for x = O to 0.32, 0.27, 0.2.8, 0.26 and 0.26,

AC ]Ill])dWCC

The AC impedance data were obtained in the frequency range of 100 kHz to 5 nWz at a

low AC amplitude of 2 nlV. The impedance plots of LaNi5.XSnX alloy electrodes are

shown in the Nyquist  or Cole-Cole form in Fig. 9. As may be seen in the figure, the

impedance decreases noticeably upon initial substitution of Sn but increases for x > 0.4.

‘1’hc impedance data were analyzed using a ~:tmcraliz,cd  equivalent circuit adopted for the

Ml 1 electrode.24 I’he capacitive components are n~ode]ed  as constant-phase elements

(CPI?) to dcscribc  the depressed nature of the semi-circles.2s 1{, is ascribed to the

l{at[~akumar,  et al. 13



elect  rol yte rcsi stance bet wecn the Ml-i c1 cctrodc  and the reference electrode. The semi-

circle in the high frequency region, represented by R2 and Qz, results from the contact

rcsi stance between the current collector and the teflon-bonded  electrode. The parameters

R 3 and Q3 are attributed to the contact resistance and the capacitance between the

particles of the plastic-bonded metal hydride powder. The semi-circle in the low

frequency region, represented by ~ and QQ is attributed to the reaction (charge transfer)

resistance and the double-layer capacitance, respectively. The diffusional  impedance,

Wd, is the Warburg impedance, which is a parallel and/or series combination of diffusional

resistance and pseudo-capacitance. The observed impedance patterns of [hc M H

electrodes (Fig. 9) are simplified by the absence of a diffusional  component. The other

parameters in the equivalent circuit were calculated by a non-linear least squares fit using

the Boukamp method.2G

The cxchangc  current calculated from the charge transfer resistance decreases initially

upon the substitution of Sn but increases for Sn compositions x ~ 0.4 (Table 1). The

trend is similar to that observed in the DC polarization exJ]criments. It is thus clear that

the kinetics of hydriding  improves markedly upon SII substitution in LaNi5.xSnX,  at Icast

for x < 0.3. I ligher amounts of % seem to cause sluggish kinetics for hydrogen

absorption and resorption. This behavior is currently being studied in more detail.

Ratnakumar, ct al. 14
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CWXIC LIFETIME

Finally, the performance of the MI+ alloys during charge-d ischalge cycling was evaluated

in 250 nlAh, negative-limited, prismatic, laboratory test cells. Although sealed cells are

typically positive-limited in order to

WC] e designed in the negative-]i mited

the life-limiting mechanisms of the

utilize an overcharge mechanism, the present cells

configuration (with a deficit of M]-]) to investigate

MI I electrode.. The cyclic lifetimes under these

accelerated test conditions are expected to be shorter than in sealed commercial cells, but

these tests should be appropriate for comparati~e  evaluation of cyclic lifetimes of

different metal hydride electrode materials.

“1’hc cyclic lifetime of cells containing LaNi5.XSnX metal hydride alloys are presented in

J~iS, 10. The cyclic lifetime data were smoothed by appropriate polynomial trend lines to

eliminate

increases

instrument induced variations. Figure 10 shows that the initial capacity

with an increase in the Sn composition, We attribute the lower capacities of the

Sli-poor  alloys to their high plateau pressures, whicl]  were around 1 atm. Since our cells

opelated  only slightly above 1 atm., incomplete char{ ~,ing is expected for the alloys with x

< O.z, ] ]owever, the i[~itial  capacity declines  again  at high Sn compositions, i e., x 2 ().4,

While suppressed hydrogen absorption/resorption ki nctics could also be responsib]c  for

this trend at high Sn concentrations, we attribute this effect to the loss of intrinsic

Ratnakumar, et al. 1 5
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capacity of the alloy, inccmlplete  activation, and the low resorption pressures of the

alloys. A Sn composition of 0.2 S x < 0.3 provides the highest initial capacity of

approximately 300 mAh/g.

13ach cell was subjected to 200 charge-discharge cycles. “1’he  rcte.ntion  of capacity was

found to improve with increasing Sn composition. After 100 charSe-discharge  cycles,

alloys with x = 0.25 or 0.3 exhibit capacities in excess of 200 nlAh@,,  an impressive

number when compared to the state of art h41nNis.s[~oO.gMl10.dAIO.s  MH alloys cval~lated

at JJ)L27 (Fig. 10, curve 8). It is interesting to note that alloys with high Sn compositions

(x> ().4) SI1OW long activation cycles; with these compositions the maximum capacity is

achieved only after 30 cycles. The lifetime capacity in cells with x 2 0.4 exceeds that of

cells with 0.2 S x <0.3,  as evidenced by the lifetime curves after 150 cycles.

CONCI.USIONS

I’he substitution of small amounts of Sn for Ni in 1.aNi~ improves many characteristics of

the mctat hydride anode in alkaline rechargeable cells. Specifically, the chargeability is

in]]) roved owing to reduced absorption plateau pl essures. ‘1’he hydrogen absorption

capacity of the I,aNi5.XSnX alloys approaches 300 mAh/g,  an impressive number for an

AB5 formulation. The kinetics of hydrogen abso] ption and dmorption  arc improved

Ratnakumar, et al. 16
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markedly compared to the binary alloy, although at high Sn concentrations the

improvement is less evident, possibly resulting from incomplete activation. ‘I’he capacity

retcnt i OJ1 during charge-discharge cycling is significantly enhanced such that the cyclic

lifetime of Sn substituted alloys is comparable to some multi-component, rnisch-metal

based alloys. Tin compositions in the range of 0.2<x<0.3  appear to be optimal for high

capacities, long cyclic lifetime and improved kinetics. W C suggest that higher Sn

compositions (0.4<xs0,5)  may be favored for high temperature applications. The simple

alloy chemistry and absence of Co in these alloys gives them an economic advantage over

the Mm(NiCoAlMn)5  alloys now being produced commercially.
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I:ig.  1 : X-ray diffraction patterns of I.aNi5.XSnX alloys. 3’I)c insert shows the diffraction
peaks shifting to smaller angles with increasing Sn composition.

l~ig 2: P-c-T isotherms of LaNi~.XSnX alloys: l;lcctrochemical  (o, o x = 0.3; O, + x = 0.2;

u,m x== O. 1; open - charge, closed - discharge), and gas-phase (-).

I’ig 3: Variation with the Sn composition, x, in I.aNi~.XSnX alloys of unit cell volume (.)

and plateau pressure (m) for 300 K absorption.

Fig, 4: l~ydrogen  absorption capacity of LaNij.XSnX  alloys measumd with Sieverts’
apparatus, prismatic cell electrode and BAS electrode, and theoretical capacity for H/M
ratio ofl:l.

Fig. S: Variation of mid-point discharge potentials and the corresponding calculated
reversible potentials from the resorption p]ate.au  pressures.

l~ig,  6: linear polarization curves of LaNi5.xSn,  alloys

Fis. 7: Variation of the exchange current density from measurements by DC

[~liclc>l)olarizatioll  (u), AC lmpe{iance  (x), Anodic ~’af’cl polarization (.) and Cathodic

‘1’afcl polarization (---).

l~ig.  8: ‘1’afel polarization curves with mass transfer co] rections  of 1.aNi~,XSnX  alloys.

Fig, 9: Electrochemical lmpcdancc Spectroscopy (1:1S) curves of 1,aNi~.XSnX.

I;ig.  10: Cyclic Iifetimc behavior of LaNi~.XSnX  alloys with comparison to the best Misch-
mctal based, t]lt]lti-co~]~])or]ctlt  alloy evaluated at J}’L (I ef, 27).

Ratrlakumar, cl al. 20



L

u)

o

t

cl
r

o

o
0

ot-
m&



v)

o
0
0

H o
0 0
0 0

~ .T.T  ._.r  ~r ~ ,-r..,.. ~--~-—~T rrr~
J

c
,
c



. ..”

Absorption. Press. [atm]q
~ o + o

+ & o

iE -

\

~___

1. l-–-—.-—. J_. ._ l-–._ .ll

>
m“



‘d

0
0
w

0

>“
m



B. V. Ratnakumar,  et al.

1000

900

800

700

600

500

Calculated
,I
IL I

L

1

1

\\

I I I I J

o 0.1 0.2 0.3 0.4 0.5

x in LaNi5.xSnx

Figure ‘j



1 .

0
m
q

[ALU]  @]@l~ “SA $J

;.

>“
ai



B. V. Ratnakumar, et al.

5.0

4.0

3.0

2.0

1.0

~e-j

//1Anodic Tafel

Cathodic
.,: . . . . . . . . . . . . . . . . . . .

“ L “9

‘Y ~~‘,
,,,

\

Tafel

/ .,,,,,..”’

/
● “”

,,.’

/
,,

\“ ‘..,

~ ““”/ ,.,’” AC Impedance “...,,

0 0.1 0.2 0.3 0.4 0.5 0.6

x in LahTi5.XSnX

Figure’7



.- ,. .

,

0
0
y

-1

0
0
0

0
0
N

I

—

0’3

>



\

N
‘-

40

30

20

r

!

r

u

0 10 20 30 40 50

Re Z [Ohms]

.

ChartS .

B. V. Ratnakumar,  et al. Figure 9



I
?. ‘. -

.

0
UJ
m

o 0
u) u)
N

a/qy7wl ‘I’C]!31X1Q

o
VI

>“
m“


